Regulated secretion provides a means of communication between cells by allowing storage of biologically active molecules in specialized organelles for subsequent release in response to extracellular stimuli. Regulated secretion is restricted to a few differentiated cell types in multicellular organisms (e.g. neurons, endocrine, and exocrine cells) and is absent from most microorganisms such as yeast. However, Paramecium, like other ciliates (1), does possess regulated secretion, which seems to be involved in defense against certain predators (2). Each Paramecium bears around 1000 secretory granules, known as trichocysts, docked at specialized exocytotic sites in the plasma membrane, ready for rapid secretion in response to an appropriate stimulus (see Ref. 3 , for review). Genetic studies of secretory mutants have identified more than 20 genes involved in different steps of this secretory pathway: organelle biogenesis, transport and docking at the plasma membrane, and exocytosis (3) (4) (5) (6) . Our interest lies in using the Paramecium model to study the biogenesis of secretory granules, which involves the coordination of membrane traffic events with cargo protein processing, sorting, and condensation (see Ref. 7 , for review). Given their architectural complexity, Paramecium trichocysts also present an intriguing problem of morphogenesis and molecular design.
Trichocysts are 3-4 m in size and consist of a carrot-shaped body surmounted by a tip by which they attach to the cortical docking sites (Fig. 1a) . This shape, which is genetically determined (6) , is a property of the protein contents of the granules, which has crystalline organization (Fig. 1b) . Indeed, structural studies have shown that the trichocyst contents is a true protein crystal with periodicities in all three dimensions at low resolution (ϳ30 Å) (8) . Upon exocytosis, as soon as the crystalline trichocyst matrix comes into contact with the Ca 2ϩ and H 2 O of the external medium (i.e. within a few milliseconds), it elongates by a factor of ϳ8, much like a spring suddenly released from a confined space (Fig. 1c) . This dramatic and irreversible structural transition propels the trichocyst matrix out of the cell. The extracellular needle-shaped form, which is also an ordered array (Fig. 1d) , remains insoluble (8) .
The proteins that assemble into the crystalline trichocyst matrix (trichocyst matrix proteins, TMPs) 1 are synthesized as 40 -45 kDa precursor molecules that are converted to 15-20 kDa polypeptides by proteolytic maturation (9, 10) . Only the mature polypeptides are able to crystallize within the maturing vesicles, and studies of secretory mutants unable to produce functional trichocysts strongly suggest that the protein processing controls the crystallization process (9 -11) .
Perhaps the most unusual feature of the system is that the mature TMPs which compose the crystalline matrix are a heterogeneous set of immunologically related, small acidic polypeptides: at least 30 major and as many as 100 different spots are revealed by high resolution two-dimensional gel electrophoresis of purified trichocysts (12, 13) . Moreover, this heterogeneity appears to be situated entirely at the level of primary structure. Analysis of PCR-generated gene fragments, corresponding to N-terminal microsequences obtained for several mature TMP polypeptides, showed that TMP heterogeneity is the result of expression of a large multigene family (14) . The greatest challenge in understanding trichocyst design is therefore to relate the disorder at the molecular level (ϳÅ), owing to the complex mixture of polypeptides, to the emergence * This work was supported in part by the Genome Program of the Ministère de l'Enseignement Supérieure et de la Recherche (GIP GREG) and the CNRS. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. of periodic order at the electron microscope level (ϳnm) and of shape at the light microscope level (ϳm).
We set out to clone complete TMP genes in order to gain insight into trichocyst design as well as to obtain information necessary for further study of the post-translational processing that controls matrix assembly. We present the first complete TMP sequences, corresponding to three different precursor proteins. Analysis of the deduced amino acid sequences shows that each precursor gives rise to two mature matrix polypeptides, and that several different enzymatic reactions are likely to be involved in their processing. The parts of the precursors corresponding to the mature polypeptides contain heptad repeats. Characterization of the heptad segments allows us to identify a probable unique protein fold for the mature polypeptides and to propose a model of their arrangement in the precursor molecules.
EXPERIMENTAL PROCEDURES
Cells and Culture Conditions-The wild type Paramecium cells used in all experiments were Paramecium tetraurelia strain d4-2 (15). Cells were grown at 27°C in wheat grass powder (Pines International Co., Lawrence, KA), inoculated with Enterobacter aerogenes and supplemented with 0.4 g/ml ␤-sitosterol (16).
Isolation and Characterization of Genomic Clones-A library constructed in the BamHI site of EMBL3 with Sau3A partially digested Paramecium tetraurelia (strain d4-2) genomic DNA was kindly provided by Eric Meyer (Laboratoire de Génétique Moléculaire, Ecole Normale Supérieure, Paris).
The library was screened using T1, T2, and T4 subfamily specific 32 P-labeled probes (290, 400, and 287 base pairs, respectively; Fig. 2 ), generated by inverse or direct PCR as described previously (14) . Selected clones were isolated according to standard techniques (17) . Inserts containing the entire coding regions of the T1-b, T2-c, and T4-a genes were identified by restriction digestion and Southern blot analysis using as 32 P-labeled probes the subfamily-specific, PCR-generated DNA fragments used for library screening as well as gene-specific oligonucleotides (given in Fig. 2, legend) . For T1, a second larger (477 base pairs) subfamily-specific probe was also used; the probe was generated with the same oligonucleotide primers by inverse PCR amplification as described (14) , using as template RsaI digested and religated genomic DNA (RsaI circles). HindIII (T1-b; 1.5 and 1.8 kb), EcoRI (T2-c; 5 kb), and XbaI (T4-a; 2.3 kb) phage restriction fragments were subcloned into the appropriate restriction sites of the pUC18 plasmid. DNA sequences were determined on both strands according to the dideoxy nucleotide chain termination method with sequence-specific oligonucleotide primers using a T7 sequencing kit (Pharmacia, Uppsala, Sweden).
Pulse-Chase Experiments, Immunoprecipitation, and Two-dimensional Gel Analysis-Pulse-chase experiments and immunoprecipitations were carried out as described previously (9) . Briefly, log phase P. tetraurelia cells were fed with E. aerogenes bacteria metabolically labeled with 35 SO 4 (Amersham Int., United Kingdom) for 10 min at 27°C (800 cells/ml; 5 ϫ 10 7 labeled bacteria/ml). To start the chase, cells were centrifuged and resuspended in medium supplemented with unlabeled bacteria. Aliquots of the cultures were removed at the times indicated and centrifuged. The cell pellets were lysed by injection into equal volumes of hot (95°C) 0.4% SDS, followed by rapid reconstitution of immunoprecipitation buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 8; final concentrations). Cell lysates were cleared by centrifugation, and incubated with saturating amounts of a polyclonal antiserum which recognizes and efficiently immunoprecipitates most of the mature trichocyst matrix polypeptides as well as their precursor molecules (9) . Immunocomplexes were collected using protein A-Sepharose beads (Pharmacia). After extensive washing, final pellets were resuspended directly in isoelectric focusing sample buffer (18) . Two-dimensional gel electrophoresis was carried out as described previously (14) . Isoelectric focusing was performed in 0.8% pH 3-10 and 1.2% pH 4 -6.5 ampholines (Pharmacia) in the presence of a chemical spacer (50 mM MOPS) as described by Tindall (12) . The SDS-polyacrylamide gel electrophoresis second dimension analysis was performed according to Laemmli (19) , on 13% acrylamide gels.
Characterization of Introns-Reverse transcriptase-PCR was performed using total Paramecium RNA according to standard procedures, as described previously (14) . The absence of a putative intron sequence from the mRNA was evaluated by comparison of the size of PCR products obtained using either cDNA or genomic DNA as PCR template.
Primer Extension-Primer extension was carried out according to the method described by Di Rago and Colson (20) . Briefly, 20 pmol of oligonucleotide primer complementary to bases ϩ166 to ϩ186 of the T4-a gene sequence (Fig. 3c ) was 5Ј end-labeled with T4 kinase according to standard procedures (17) and hybridized to total Paramecium RNA. The primer was extended by avian myeloblastosis virus-reverse transcriptase (Pharmacia; 0.5 unit/l) and analyzed on a 6% polyacrylamide-urea gel with products of a sequencing reaction carried out with the same primer.
Sequence Analysis-Sequence assembly and initial characterization of the DNA and protein sequences were performed using the UWGCG sequence analysis package (21) . Signal sequences were identified using the algorithm of von Heijne (22) . Protein sequences were aligned using the Clustal program (23, 24) run with default parameters. Protein secondary structure was evaluated with UWGCG software based on the method of Garnier et al. (25) , the Heidelberg Profile Network Prediction PHD (26) , and the Heidelberg Prediction of Secondary Structural Content of Proteins from Their Amino Acid Composition. Initial evaluation of heptad segments relied on the COILS program (27) ; further characterization was by visual inspection. The alignment of the three proteins was used to identify positions with apolar residues (Leu, Ile, Phe, Val, Met, Tyr, and Ala) in all sequences, which defined likely heptad segments (repetitions of heptads of the form abcdefg with apolar residues at a and d) (28) .
Homology searches of the protein sequence data bases (combined non-redundant GENBANK/EMBL/SWISSPROT) and of the SBASE protein domain data base (29) relied on the FASTA (30) and BLAST (31) algorithms; statistical significance of the results was evaluated using the RDF2 program (32) .
RESULTS
TMP Genes-The first two steps in cloning TMP genes have been previously described. First, N-terminal microsequences were obtained for several mature matrix polypeptides (13, 33, 34) . Three of the N-terminal sequences, chosen because they had been independently determined in different laboratories, using different protein purification procedures (reviewed in Ref. 35) , were used to design partially degenerate PCR primers. Genomic DNA fragments, corresponding to the approximately 20 to 40 amino acids of the N-terminal microsequences, were amplified. The PCR products were cloned and sequenced and were also used as probes for genomic blot experiments, revealing that a large multigene family codes for TMPs (14) . The multigene family is organized in at least 10 subfamilies. Within each subfamily 4 to 8 genes, sharing 80 -90% identity at the nucleotide level, code for nearly identical proteins, judging by analysis of gene fragments for 3 subfamilies. Genes belonging to different subfamilies share only about 25% identity at the amino acid level (see below).
In order to clone one member of each of the three subfamilies under investigation (named T1, T2, and T4 after the original microsequences), we used subfamily specific probes to screen a bacteriophage library of P. tetraurelia genomic DNA. 14 positive clones were isolated and characterized for T1, 6 for T2, and 20 for T4. Maps of clones selected for subcloning and pUC18 subclones, the probes used and the regions sequenced are presented in Fig. 2 . Restriction and Southern blot analysis of the T1 clones identified 4 clones with overlapping inserts corresponding to the same genomic region. The coding region of the gene was contained within 2 adjacent HindIII fragments of 1.5 and 1.8 kb, which were subcloned in the pUC18 plasmid vector for sequencing. Southern blot analysis of the T2 clones using oligonucleotide probes specific for the T2-c gene (14) allowed us to identify a single clone. A 5-kb EcoRI fragment containing the coding region was subcloned in the pUC18 vector for sequencing. Restriction and Southern blot analysis of the T4 clones revealed 7 overlapping clones. The T4-a coding region was contained within an XbaI fragment of 2.3 kb, which was subcloned in the pUC18 vector for sequencing.
The sequences of the three genes (which correspond to the T1-b, T2-c, and T4-a gene fragments reported in Ref. 14) are shown in Fig. 3 . The DNA sequences of T1-b, T2-c, and T4-a reveal a single reading frame of 1224, 1192, and 1143 nucleotides, respectively, interrupted by 4, 1, and 2 introns of 23 to 29 base pairs (the standard size in Paramecium) whose existence has been confirmed by reverse transcriptase-PCR experiments (Ref. 14, and results not shown). The encoded proteins have lengths of 369, 387, and 363 amino acids, compatible with the 40 -45 kDa size of the trichocyst precursor proteins (9, 10) .
For one of the genes, T4-a, the transcription start site was determined by primer extension (not shown). As for other characterized Paramecium genes (36 -39) , the untranslated leader sequence is very short: transcription begins only 13 nucleotides upstream of the ATG codon that initiates translation (ATTA-ATAAAAAAAATG). The T1-b and T4-a genes contain a consensus polyadenylation signal (AATAAA), found in some but not all ciliate genes (40) , located some 85 nucleotides downstream of the TGA stop codon (Fig. 2) . The T2-c gene does not contain this sequence. The predicted sizes of the mRNA molecules are consistent with the 1.4 kb measured by Northern blot experiments (14) .
Analysis of the Protein Primary and Secondary StructureThe amino acid composition of purified trichocyst matrices was determined experimentally by Steers et al. (41) , at a time when the heterogeneity of TMPs was not suspected. Table I compares the amino acid composition calculated for the deduced T1-b, T2-c, and T4-a protein sequences with the earlier experimental data. Interestingly, each of the three proteins has essentially the same composition, which is very close to that determined for the purified trichocyst matrices. The mature polypeptides are acidic (pI 4.7-5.5) (12) and for each precursor, 16% of the residues are acidic (Glu ϩ Asp). The most abundant amino acids in these proteins are, however, the apolar residues alanine and leucine (Ala ϩ Leu Ϸ 22%) while the least abundant amino acid is cysteine. Glutamine is also quite abundant (between 7 and 10%). We note that in Paramecium, TAA and TAG, STOP codons in the universal genetic code, designate glutamine (42, 43) . In the TMP genes, over 50% of the glutamine codons are TAA: use of the cloned genes to drive a bacterial expression system will require changing 18, 25, and 23 TAA codons in T1-b, T2-c, and T4-a, respectively.
The minor discrepancies between the composition determined experimentally and that calculated for T1-b, T2-c, and T4-a may arise either from the fact that the complete protein sequences, not just the regions corresponding to the mature polypeptides (which account for approximately 75% of the amino acids; see below), were used for each calculation or from the fact that the three genes we have cloned constitute a random sampling of the 30 or more mature polypeptides present in the trichocyst matrix. Nonetheless the similarities outweigh the differences and speak for a close family resemblance among the proteins that constitute the trichocyst matrix.
TMP Organization-As mentioned in the Introduction, TMPs are synthesized as 40 -45 kDa precursor molecules which are converted in the course of trichocyst biogenesis to 15-20 kDa mature polypeptides; only the mature polypeptides participate in the crystalline trichocyst matrix (9) . An alignment of the T1-b, T2-c, and T4-a deduced protein sequences, which are of the size expected to code for the precursors, is shown in Fig. 4 . These sequences share ϳ25% amino acid identity and ϳ45% amino acid similarity. In Fig. 5 , the experimentally determined N-terminal amino acid sequences of the mature polypeptides are shown in white letters on a black background. The positions of these N-terminal sequences indicate that all three precursor molecules have the same organization. Each precursor consists of a hydrophobic signal sequence (dark shading) separated from the first mature The boxes on the pUC18 subclones pmgh4, pmgh9, pm2431, and pmgx5 represent the regions that were sequenced, with the coding sequences shaded. T1, probes 1 and 2, and T4, probe 1, are described under "Experimental Procedures." The sequences of oligonucleotides used as probes are as follows: T2, probe 1: 5Ј-GTCRGTCAAG-GTTTAGAG-3Ј (antisense); T2, probe 2: 5Ј-TGGAAGACAGATATG-TTG-3Ј (sense); T4, probe 2: 5Ј-GTATTTTCTATTTACTATTAATAA-CTAG-3Ј (sense).
polypeptide by a pro-sequence (light shading). Note that the N-terminal sequence of the first mature polypeptide has been determined experimentally for each of the three molecules. We do not know where the first mature polypeptide ends, but for one of the three precursors, T1-b, we do know where the second mature polypeptide begins, thanks to the N-terminal microsequence (FADQGAL . . . ). It is thus likely that each precursor gives rise to 2 mature polypeptides; further evidence for this comes from analysis of the secondary structure (see below). The shaded region, the most basic part of each protein, separates the two mature polypeptides. Given the size and isoelectric points of the mature polypeptides (12) , this basic region is likely to be partially or totally removed by protein processing.
Several Processing Reactions Involved in TMP MaturationExamination of the putative cleavage sites on substrate molecules can in theory help identify the enzymes responsible for the cleavage. In the TMP sequences, the junction between the pro-region and the first mature polypeptide, whose position is absolutely certain for all three proteins, presents a short consensus with TG on the N-terminal side of the cleavage (i.e. in the P2-P1 positions) and either Gly or Asp on the C-terminal side (i.e. in the P1Ј position). As far as we are aware, this sequence does not correspond to a known endopeptidase cleavage site, moreover cleavage at a glycine residue is quite unusual. The sequence preceding the second mature polypeptide is yet different. No consensus of even two amino acids appears in this region, and there is no TG. The endopeptidase that removes the pro-sequence from the first mature polypeptide is thus not likely to be involved in liberating the second mature polypeptide, and it moreover seems probable that several dis- To gain support for the organization of the precursors suggested by the sequence data, we performed pulse-chase experiments. We had previously investigated TMP proteolytic maturation by pulse-chase experiments, using polyclonal antibodies raised against the entire set of mature polypeptides, which allowed us to obtain a global picture of the processing. The immunoprecipitated polypeptides were analyzed on onedimensional SDS-polyacrylamide gel electrophoresis gels which revealed the conversion of a family of 40 -45-kDa precursors to a family of 15-20-kDa products (9) . Since antibodies that recognize individual TMPs are not yet available, we performed pulse-chase experiments using high resolution twodimensional gels to analyze the proteins immunoprecipitated by the polyclonal antibodies in order to detect changes in isoelectric point as well as more subtle changes in molecular mass. A typical experiment is shown in Fig. 6 .
First of all, the precursor molecules are on average more basic than the mature polypeptides, and many of the mature polypeptides are more acidic than any of the precursors, consistent with removal of the basic region as postulated above. Second, at 20 min of chase the more basic mature polypeptides are present, and their pattern changes little between 20 and 40 min. In contrast, the more acidic spots are barely visible at 20 min, and the acidic half of the pattern of mature polypeptides evolves between 20 and 40 min of chase (but not thereafter; data not shown). Finally, the gels present a few weak spots of intermediate size, which progressively disappear as the more acidic low molecular mass polypeptides appear. These data support the idea that a temporally ordered series of reactions are involved in the conversion of the precursors to the mature polypeptides, and clearly demonstrate net loss of basic residues.
Mature Polypeptides Contain Heptad Repeats-T1-b, T2-c, and T4-a protein sequences were used to search the protein data bases. No statistically significant similarity with known proteins was found. The highest scores for each of the proteins were with the rod portions of myosins, keratins, and intermediate filament proteins. Different methods for the prediction of protein secondary structure all indicate that the trichocyst proteins have very high ␣-helical content. We therefore looked for heptad repeats (repetitions of 7 amino acids, with apolar residues in the first and fourth positions (28)), which are indicative of coiled-coil interactions between ␣-helices.
For each of the three proteins, the COILS program (27) , an implementation of the algorithm of Parry (44), gave scores (Ͼ1.3 with a window of 28) consistent with ability to form coiled-coils over most or all of the regions that correspond to the mature polypeptides, i.e. the unshaded portions of Fig. 5 ; neither the pro nor the basic regions were predicted to form coiled-coils. The heptad, however, is a motif typical not only of long rod-shaped ␣-fibrous proteins, but also of globular proteins containing bundles of ␣-helices. In the case of the TMPs, the sequence data are more consistent with globular proteins than fibrous ones. The charged to apolar residue ratios for the complete T1-b, T2-c, and T4-a sequences are 0.55, 0.73, and 0.74, respectively; 2-stranded ␣-fibrous proteins, for example, have ratios greater than 1.0 (45) .
Within globular proteins, helices characterized by heptad repeats tend to pack in anti-parallel bundles rather than forming extended rod-like domains (46) . These heptad segments are shorter than those found in 2-and 3-stranded coiled-coils, and are generally not well defined by the COILS program (47) . 3 We therefore took advantage of the homology of the three TMP sequences to look for heptad repeats whose positions are conserved with respect to the sequence alignment. As shown in Fig. 5 , each of the mature polypeptides contains 4 short segments of roughly 3-4 heptads, which have been labeled A, B, C, and D. In some of the sequences, the heptad segments are separated or flanked by proline residues, consistent with ␤-turns: before helix A1, between helices B1 and C1, and after helix D1 and helix D2. Charged residues in positions e and g, which stabilize parallel coiled-coils in ␣-fibrous proteins, are not notably present: this is consistent with a bundle of ␣-helices in a globular protein. Finally and most important, the percentage of apolar residues in positions a and d of the heptad segments is high. These features taken together argue strongly that the major portion of each mature polypeptide is a 4 ␣-helical bundle (Fig. 7a) . DISCUSSION We have presented the results of cloning and sequence analysis of three genes coding for three different Paramecium secretory granule precursor proteins. Alignment of the three protein sequences, which share only about 25% amino acid identity, indicates common organization of the precursor molecules, each of which gives rise to 2 mature polypeptides of the crystalline trichocyst matrix. The organization deduced from the sequence data is supported by two-dimensional pulse-chase experiments. Analysis of the aligned sequences, characterized by heptad repeats, provides a picture of TMP structure: the basic fold of all the mature polypeptides is very likely a 4 ␣-helical bundle motif.
TMP Processing: Novel Enzymes?-By far the most commonly found processing enzymes in the regulated (and constitutive) secretory pathways of metazoa and fungi are serine proteinases belonging to the bacterial subtilisin superfamily known as kexins or prohormone convertases (48, 49) . These enzymes cleave their substrates at dibasic (or more rarely, monobasic, tribasic, or tetrabasic) sites. In the basic region separating the two TMP mature polypeptides, all three precursor sequences contain basic residues, and T1 and T2 contain pairs of basic residues. This region could potentially be cleaved by subtilisin-like processing enzymes, thus accounting for the conversion of the precursors to 15-20 kDa products characterized by pulse-chase experiments (9) .
Other cleavage sites in these molecules are clearly not the targets of subtilisin-like processing enzymes. The junction pro/ first mature polypeptide has a consensus TG-G/D. The sequence N-terminal to the second mature polypeptide (VEAN-F for T1-b) is different but still not a target for a (di)basic processing enzyme. Given the dearth of knowledge of protozoan processing enzymes, we cannot exclude involvement of a novel endopeptidase in TMP maturation. The high ␣-helical content of TMPs may provide a clue. It has been shown that the magainin peptides of Xenopus skin, which are toxic to many mi- The pro-regions separating the signal peptides from the first mature polypeptides are lightly shaded. The basic regions postulated to separate the two mature polypeptides of each precursor are also shaded, and basic residues within the region are in bold-face type. The structural motifs of the heptad segments are underlined and the heptads are given in italics below the sequences. Apolar residues in the a and d positions of the heptads are in bold-face type. Each segment has been labeled "helix A, B, C, or D" in accordance with the proposition that each group of heptad segments forms an ␣-helical bundle. We note that the D2 helices for T2 and T4 are less satisfactory than the other helices. They can be improved if we remove the constraint of perfect alignment of the heptads among the three sequences and situate them closer to the C terminus. The 2 cysteine residues in the T2-c sequence are in bold-face type. croorganisms because of their pore-forming capacity, are processed by a metalloendopeptidase that recognizes ␣-helical secondary structure (50) . Since it is probable that all TMP precursor proteins have similar three-dimensional structures despite different amino acid sequences, an endopeptidase designed for structural rather than sequence specificity might be an efficient and economical adaptation to the problem of trichocyst biogenesis.
Many Sequences, One Structural Motif-Although much progress has been made in the prediction of protein secondary structure from primary sequence data, especially in cases where there is homology with proteins of known structure (51), it is not yet common to be able to infer the folding pattern of a protein simply from its sequence. ␣-Fibrous proteins that form coiled-coils are a notable exception (47) . The "knobs into holes" coiled-coil packing (52) has long been recognized to impose regularities on the primary sequence (apolar and charged residue periodicities) that can be appreciated by Fourier transformation (53) .
The folding pattern we propose for TMPs is based on similar identification of the periodic disposition of apolar residues in the sequences, consistent with coiled-coil packing of ␣-helices (46) . Two arguments add confidence to our assignment of a 4 ␣-helical bundle as the basic folding pattern for each of the mature TMP polypeptides. First, the apolar residue periodicity is manifest in the alignment of the three protein sequences and indeed accounts for much of the similarity shared by the three sequences; second, the six different mature polypeptides all contain similar arrangements of heptad segments. Although a particular example of such a bundle has been drawn in Fig. 7 for the sake of illustration, in the absence of structural data we are unable to specify details of the fold, for example, the handedness of the chain connectivity.
An example of a large multigene family coding for proteins that share little sequence identity but all fold into the same structure is provided by the variant surface antigens of the African trypanosome, the agent of sleeping sickness. A repertoire of some 1000 genes codes for the surface proteins of the parasite. Although only one gene is expressed at a time, expression can switch to a different antigen to escape the host's immune response. X-ray crystallographic structure determination has revealed that several antigens, with quite different primary structures, have nearly identical tertiary structures, suggesting that all of the variant surface antigens, representing some 1000 different sequences, correspond to a unique protein fold (54 -56) .
In the trypanosome example, sequence variation of the surface antigen genes would have evolved to fool the host's immune system. In our example, in which as many as 30 different sequences may share a common protein fold, the selective pressure for sequence diversification may be related to the constrained trichocyst shape which, as genetic analysis has shown, is necessary for successful exocytosis (5, 6, 9, 11) . Crystallization of the trichocyst matrix from a mixture of proteins with the same structure but slightly different chemical properties might allow formation of a gradient of crystallization within the maturing granules (which would give the carrot shape), much as pH gradients can be formed from mixtures of carrier ampholytes with slightly different pI values (57) . We should be able to test this idea, using specific antibodies and/or epitope tagged transgenes.
Arrangement of the ␣-Helical Bundles in the Precursor Molecules-Steers et al. (41) , who first characterized TMPs, showed that these proteins are present in the trichocyst matrix as disulfide bonded dimers. Using monoclonal antibodies that recognize defined subsets of precursors and mature polypeptides, Shih and Nelson (58, 59 ) were able to demonstrate that most mature TMPs are disulfide-bonded heterodimers, and that the corresponding precursor molecules contain intramolecular disulfide bonds as judged by electrophoresis in the presence or absence of reducing agents. Some of the mature TMPs are present as monomers, and there are no disulfide bonds in the corresponding precursor molecules. This latter group corresponds to the proteins that can be solubilized from extended trichocyst matrices by heating (60) .
We know that T1 and T4 belong to the group of heat soluble proteins since N-terminal sequences of mature T1 and T4 polypeptides were determined after purification from the pool of heat soluble proteins (34) . This is consistent with the absence of cysteine residues in the deduced T1 and T4 protein sequences.
T2 belongs to the class of disulfide-bonded dimers (13, 59) , and the precursor contains exactly 2 cysteine residues. One of the residues is situated between the helices A1 and B1 of the first mature polypeptide while the other is situated between the helices C2 and D2 of the second mature polypeptide. The unique disulfide bond that can be formed in the precursor molecule would join the mature polypeptides that emanate from T2, yielding, as expected (59), a disulfide bonded heterodimer.
The presence of a disulfide bond in T2 imposes a constraint on the way in which the two ␣-helical bundle motifs can be arranged in the precursor molecule. The loops connecting helices A1 and B1 of the first mature polypeptide and helices C2 and D2 of the second mature polypeptide are pinned together by the disulfide bond. Another constraint comes from polypeptide chain continuity: the basic region connects helix D1 of the first bundle with helix A2 of the second bundle. An arrangement which accommodates both constraints is presented in Fig.  7 , b and c. We propose that in the precursor molecules, the two helical bundles face each other, related by a pseudo 2-fold symmetry axis.
Although an experimental structure determination is of course necessary to test the model, we consider it likely that the same arrangement of the helical bundles found in T2 will also hold for the T1 and T4 precursors, despite the absence of the disulfide bond. It is tempting to suggest that this arrangement, determined by the initial folding of the precursor polypeptide chain, remains after protein processing and is a feature of TMP packing in the crystalline trichocyst matrix. However, the arrangement might be metastable, once the pro and basic regions of the precursor were removed. Upon exocytosis, the H 2 0 and Ca 2ϩ of the external medium would trigger the rearrangement of the helical bundles into a thermodynamically more stable array, accounting for the irreversible transition to the needleshaped extracellular form.
